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STUDIES OF A GROUP III NITRIDES THIN FILM GROWTH PROCESS 
ZIJING YANG 
ABSTRACT 
This thesis examines the nanoscale morphology evolution during AlN and InN thin film 
growth. We used synchrotron-based real-time grazing-incidence small-angle X-ray 
scattering (GISAXS), in order to study the plasma-assisted atomic layer epitaxy (ALEp) 
process. The substrate for deposition was single-crystal GaN. We designed the load lock 
and other parts for the experiment, then performed experiments at the National Synchrotron 
Light Source-II of Brookhaven National Laboratory. Post-facto X-ray Diffraction (XRD), 
X-ray Reflection (XRR), Scanning Electron Microscope (SEM), Energy-dispersive X-ray 
Spectroscopy (EDS), and Transmission Electron Microscopy (TEM) were performed at 
Boston University. In addition, Kinetic Monte Carlo (KMC) simulations were performed 
to compare with the synchrotron x-ray studies 
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1   INTRODUCTION 
1.1 Group III Nitrides 
Group III Nitrides have been widely used for semiconductor devices due to their 
remarkable optical, electrical, mechanical and thermal properties. They are widely 
considered as representing the third-generation semiconductor materials. Group III nitride 
compounds are mainly InN-GaN-AlN and their alloys. Most of the group-III nitrides have 
wide bandgaps (except InN) that are significantly greater than that of Si and GaAs. This is 
the basis for realizing high efficiency and high performance optoelectronic and 
microelectronic devices. 
As explained in Reference 1: “The driving force for developing group III Nitride 
semiconductors is their applications in optoelectronics, microwave amplifiers, and high 
voltage power switches. They form the basis of LED solid state lighting which is now a 
common place. InGaN quantum wells are the core of visible light band luminescent devices. 
AlGaN quantum wells are the key material of deep ultraviolet photoelectron devices, and 
AlGaN/GaN heterostructures are the core material of power electronics devices and 
microwave communication devices.” [1] 
However, despite their success, in many potential applications there is much still to be 
learned about growth of high-quality materials. This is true, for instance, in the case of their 
use in power-switching electronics. Due to their high mobility and breakdown strength, 
group-III nitride-based power switches have the potential to revolutionize power 
conditioning hardware including switch mode dc-dc power converters and motor drive 
components (Fig. 1). However promising device technologies will have to be built using 
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heterostructures to permit high current in the on-state and normally off operation. They 
will necessarily involve multiple heterojunctions of binary, ternary, and quaternary 
semiconductor layers that continue to both decrease in layer thickness and increase in 
heterojunction complexity. Traditionally, the heterostructures for such devices are grown 
by molecular beam epitaxy (MBE) and metal organic chemical vapor deposition 
(MOCVD).  
However, these methods are encountering limitations both in controlling the thickness of 
ultrathin layers required providing sufficient flexibility in the range of stoichiometries 
needed in ternary layers. Therefore, new growth process that can enable near-atomic level 
control of both stoichiometry and thickness are urgently needed, and plasma-assisted (PA-) 
ALE offers an innovative approach to realizing such structures with the promise of 
enabling structures that are too challenging for conventional crystal growth methods. 
 
Fig. 1 Figures of merit of GaN over GaAs and Si for power handling applications. From: 
http://www.gansystems.com/why_gallium_nitride_new.php   
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The group of Dr. Charles Eddy at the Naval Research Lab (NRL) has been a leader in 
developing plasma-assisted atomic layer epitaxy (PA-ALE) as a powerful new growth 
method for group-III nitrides for powerful electronics. Here we use “ALE” to explicitly 
refer to a specialized form of atomic layer deposition (ALD) which results in a crystalline 
film epitaxial with the substrate. In ALE, as in ALD, the growth reaction is separated into 
two surface-mediated, self-limiting half reactions. The growth surface is first saturated with 
a precursor containing one element of the compound, excess gas phase precursor is swept 
away with an inert gas purge step, and then the surface is saturated with a precursor 
containing the complementary of the compound. A surface reaction takes place to 
nominally grow a single monolayer of the compound material. Finally, a second inert gas 
purge is used to sweep out any unreacted second precursor and any surface reaction 
products. The process is then repeated, as shown in the cartoon of Fig. 2. Unfortunately, 
however, the cartoon probably obscures as much as it reveals. It’s known that in many 
cases the thin film growth proceeds by an inhomogeneous process of island nucleation, 
growth and coalescence. 
 
Fig. 2 Cartoon of a thermal (non plasma-assisted) ALD/ALE growth process. Alternating 
exposure of the surface to two different reactive chemical species causes a self-limiting 
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reaction which creates exactly one ML. This cycle is repeated to grow the desired film 
thickness. 
From: http://cnx.org/contents/rimBK1xx@2/Atomic-Layer-Deposition   
 
Because of their availability, the samples studied with ex-situ in this thesis are AlN and 
InN thin films that were primarily grown on top of GaN substrates from Lumilog Crop. as 
a function of growth temperature. These samples were grown by collaborators doing 
experiments at the Cornell High-Energy Synchrotron Source (CHESS) in 2018. Further 
real-time x-ray studies were performed at the National Synchrotron Light Source-II of 
Brookhaven National Laboratory in Fall 2019 to examine in-situ morphological evolution.  
 
Fig. 3 Original samples we’ve been using for ex-situ study, they were made by 
collaborators from the NRL group using the Cornell Synchrotron in 2018.    
 
Samples used for ex-situ studies are: 
InN on Lumilog GaN temperature series:   
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CUALE20180209-1 (250oC, 5 nm thickness by XRR),  
CUALE20180210-1 (180oC, 5.3 nm thickness by XRR),  
CUALE20180211-1 (320oC, 5.3 nm thickness by XRR).   
AlN on Lumilog GaN temperature series:   
CUALE20180417-1 (500oC, 77 nm thickness by XRR),  
CUALE20180418-1 (400oC, 53 nm thickness by XRR),  
CUALE20180419-1 (250oC, 35 nm thickness by XRR).   
There was a substantial and uncontrolled oxygen leak in the gas manifold before the plasma 
source for the second series. 
A fragment of Lumilog GaN substrate 
Both sample sets have vacuum grease residue; the grease was used to adhere the samples 
to a mounting block.   
 
1.2 Research Approach 
1.2.1 Real-time Synchrotron-Based Growth at Synchrotron 
To investigate the kinetics of Nitride growth by the PA-ALE process, we have used real-
time x-ray scattering at the National Synchrotron Light Source-II (NSLS-II) of Brookhaven 
National Laboratory in both August and November 2019. 
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(a) (b) 
 
 
 (c) (d) 
 
Fig. 4 (a) Outside view of NSLS-II. (b) Outside view of the hutch. (c) Inside view of 
NSLS-II. (d) The control panels. 
 
The technique we use, grazing incidence small angle X-ray scattering (GISAXS), provides 
quantitative information about nanoscale surface structure. Reference 2 noted that “The 
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GISAXS method was originally introduced in 1989.”[2] “Since then, with the growing 
interest in studying the surface structure of nanosized thin films it has developed to be a 
frequently used scattering technique.”[3] Reference 4 explains that “GISAXS applications 
include the characterization of mesoporous thin films, surface-deposited nanoparticles, 
metal deposits on oxide surfaces, and soft matter systems such as polymer/block copolymer 
thin films and biological materials which are attached to surfaces.”[4]  
GISAXS analyzes density correlations and the shape of nanostructured objects at surfaces 
or at buried (surface-near) interfaces. The GISAXS method combines features from small-
angle X-ray scattering and diffuse X-ray reflectivity. 
 
Fig. 5 Schematic diagram of transmission SAXS and GISAXS processes from Ref. 5. [5] 
 
Reference 6 explains that “The incident X-ray beam grazes the thin-film sample under a 
very small angle ai, typically below 1°. The advantage, particularly for thin films, is the 
limited penetration depth of the X-rays into the sample, with the benefit of low background 
scattering from the substrate. By varying the incident angle, the X-rays’ penetration depth 
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can be changed from a few nanometers up to 100 nanometers. The scattered X-rays at small 
angles are recorded by a two-dimensional X-ray sensitive detector.  
The GISAXS method has the following unique advantages: 
GISAXS provides averaged results which are representative of a large sample area. 
GISAXS in general requires no sample preparation. 
GISAXS studies can be performed in vacuum or under controlled atmosphere at ambient 
or non-ambient temperature.” [6] 
 
Fig. 6 GISAXS pattern and Yoneda wing from Ref. 7. [7] 
 
This Figure 6 explains how the GISAXS pattern produces the Yoneda wing. The critical 
angle is defined as the maximum incident angle for which a surface reflects all of the 
incident X-ray beam. In GISAXS, the peak intensity of the scattering pattern is at an exit 
angle from the sample plane that is equal to the critical angle. This is called the Yoneda 
wing. It’s a horizontal string cut along the detector line.  
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1.2.2 Ex-situ XRD & XRR Studies 
X-ray diffraction is the elastic scattering of x-ray photons by atoms in a periodic lattice. 
The scattered monochromatic x-rays that are in phase give constructive 
interference. Figure 7 illustrates how diffraction of x-rays by crystal planes allows one to 
derive lattice spacings by using Bragg's law: 
 
Fig. 7 Schematic representation of Bragg’s Law from Ref. 8. [8] 
nl=2dsinq 
where n is an integer called the order of reflection, λ is the wavelength of x-rays, d is the 
characteristic spacing between the crystal planes of a given specimen and θ is the angle 
between the incident beam and the normal to the reflecting lattice plane. By measuring the 
angles, θ, under which the constructively interfering x-rays leave the crystal, the interplanar 
spacings, d, of every single crystallographic phase can be determined. 
We used the Bruker D8 Discover X-ray machine in the BU MSE Core Research Facility 
to investigate the crystal structures from samples made at the synchrotron using X-ray 
diffraction (XRD) and X-ray reflectivity (XRR). 
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(a) (b) 
Fig. 8 (a) Bruker D8 Discover X-Ray machine (b) Sample 427 under X-ray scan 
 
Reference 9 notes that “X-ray reflectivity (XRR) is a powerful nondestructive technique 
which gives structural information about the thickness of thin films and layered materials 
with atomic-scale sensitivity. However, reflectivity lacks spatial resolution as it looks at a 
large surface area of the sample (mm2-cm2) such that it only gives average information on 
the whole surface. Reflectivity cannot possibly obtain information on the location and 
distribution of heterogeneous structures on the surface. Although such information can be 
obtained by X-ray fluorescence imaging, X-ray diffraction imaging, and X-ray reflectivity 
with a scanning microbeam, these techniques require the high brilliance of a synchrotron 
radiation facility.” [9] 
Reference 10 adds that “The basic idea behind XRR is to reflect a beam of X-rays from a 
flat surface, and then measure the intensity of X-rays reflected in the specular direction 
(reflected angle equal to incident angle). If the interface is not perfectly sharp and smooth, 
the reflected intensity will deviate from that predicted by the law of Fresnel reflectivity. 
  
11 
 
The deviations can then be analyzed to obtain the density profile of the interface normal to 
the surface.  
X-ray reflectivity measurements are analyzed by fitting a simulated curve to the measured 
data. The fitting parameters are typically layer thicknesses, total electron densities on 
which the index of refraction n, depends and interface roughness.” [10]  
 
1.2.3 Ex-situ Optical Property Studies 
We used a Cary 5000 instrument to examine the optical properties of these samples.  
According to its manufacture, “The Cary 5000 is a high-performance UV-Vis-NIR 
spectrophotometer with superb photometric performance in the 175-3300 nm range. Using 
a PbSmart detector, the Cary 5000 extends its NIR range to 3300 nm making it a powerful 
tool for materials science research. The large sample compartment can be expanded to hold 
large accessories and integrating spheres for spectral and diffuse reflectance.” [11] The 
LockDown mechanism makes it possible to quickly change and position accessories for 
reproducible results. 
  
12 
 
 
Fig. 9 Carry 5000 ultraviolet-visible-near-infrared (UV-Vis-NIR) spectrophotometer used 
for the analysis 
 
1.2.4 Microscopy- Optical & Electron Microscopy 
SEM  
Reference 12 explains that “The Scanning Electron Microscope (SEM) uses a focused 
beam of high-energy electrons to generate a variety of signals at the surface of solid 
specimens. The signals that derive from electron-sample interactions reveal information 
about the sample including external morphology (texture), chemical composition, and 
crystalline structure and orientation. In most applications, data are collected over a selected 
area of the surface of the sample, and a 2-dimensional image is generated that displays 
spatial variations in these properties. Areas ranging from approximately 1 cm to 5 microns 
in width can be imaged in a scanning mode using conventional SEM techniques 
(magnification ranging from 20X to 30000X, spatial resolution of 50 to 100 nm). SEM is 
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also capable of performing analyses of selected point locations on the sample; this approach 
is especially useful in qualitatively or semi-quantitatively determining chemical 
compositions (using EDS), crystalline structure, and crystal orientations 
(using EBSD).”[12] 
 
Fig. 10 SEM  
When a very thin beam of high-energy incident electrons bombards the surface of the 
sample, the excited area will produce secondary electrons, Auger electrons, characteristic 
x-rays and continuous spectrum x-rays, backscattered electrons, transmitted electrons, and 
electromagnetic radiation generated in the visible, ultraviolet, and infrared regions. At the 
same time, electron-hole pairs, lattice oscillations (phonons), and electron oscillations 
(plasmas) can be generated. 
  
14 
 
EDS  
In Energy Dispersive X-Ray Spectroscopy (EDS), a Scanning Electron Microscope (SEM) 
or other source irradiates samples with high energy electrons, which generates core holes 
which are filled by secondary electron transitions, creating fluorescent X-rays. As Ref. 13 
notes: “Variations in electron configuration specific to each element generate different 
energy electrons, and thus different signature x-ray energy peaks, indicating which 
elements are present in the sample. Analysis is performed only on areas which are exposed 
to the electron beam, facilitating precise control of the analyzed area.  This means the 
composition of very small areas or particles in a sample can be taken.  Since EDS is 
performed in the SEM chamber, a quick and easy interrogation of the surface materials as 
viewed on the SEM is possible. Additionally, the relative amounts of the elements present 
can be calculated, generating composition percentages.” [13] 
 
Fig. 11 EDS on SEM 
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There are a number of advantages of EDS, including high efficiency of X-ray detection by 
the energy spectrometer. Ref. 14 provides that “The energy of X-ray photons of all 
elements in the analysis point is measured and counted at the same time, and the qualitative 
analysis result can be obtained within a few minutes while the alternative of using a 
spectrometer can only measure the characteristic wavelength of each element one by one. 
It has simple structure, good stability and reproducibility; there is no focusing, no special 
requirements on the sample surface. It is suitable for rough surface analysis. 
EDS also has disadvantages like low resolution. It can only analyze elements with atomic 
number greater than 11, while a spectrometer can measure all elements with an atomic 
number ranging from 4 to 92. In addition, the Si/Li probe of the EDS must be kept at low 
temperature and must therefore be constantly cooled with liquid nitrogen”.[14] 
 
TEM 
As explained by Ref. 15: “Transmission electron microscopy (TEM) is a very powerful 
tool for materials science. A high energy beam of electrons is shone through a very thin 
sample, and the interactions between the electrons and the atoms can be used to observe 
the crystal structure and features in the structure like dislocations and grain boundaries. 
Chemical analysis can also be performed. TEM can be used to study the growth of layers, 
their composition and defects in semiconductors. High resolution can be used to analyze 
the quality, shape, size and density of quantum wells, wires and dots. 
The TEM operates on the same basic principles as the light microscope but uses electrons 
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instead of light. Because the wavelength of electrons is much smaller than that of light, 
the optimal resolution attainable for TEM images is many orders of magnitude better than 
that from a light microscope. Thus, TEMs can reveal the finest details of internal 
structure — in some cases as small as individual atoms.” [15] 
 
Fig. 12 TEM  
TEM can see microscopic structures smaller than 0.2µm that cannot be seen under an 
optical Microscope. These are called submicroscopic or ultramicrostructures. The 
wavelength of the electron beam is much shorter than that of visible light and ultraviolet 
light, and the wavelength of the electron beam is inversely proportional to the square root 
of the voltage emitted by the electron beam. That is to say, the higher the voltage, the 
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shorter the wavelength. At present, the resolution of TEM can reach 0.2nm. 
The general working principle of transmission electron microscopy is as follows: the 
electron beam emitted by the electron gun passes through the concentrator along the optical 
axis of the lens in a vacuum channel. It will converge into a sharp, bright and uniform spot, 
and shine on the sample in the sample chamber. After passing through the sample, the 
electron beam carries the structure information inside the sample. After the objective lens 
convergent focus and primary amplification, the electron beam enters the secondary 
intermediate lens and the first and second projection mirrors for comprehensive 
amplification imaging, and finally the magnified electronic image is projected on the 
fluorescent screen in the observation room. A screen converts an electronic image into a 
visible image for the user to see. 
 
1.2.5 Kinetic Monte Carlo Simulations 
As the name suggests, Ref. 16 explains that “Monte Carlo is a wide umbrella term that 
covers a numerous family of approaches with one simple central idea in common: the 
resolution of complex problems using random numbers. In addition to equilibrium 
properties, the Monte Carlo idea can also be exploited to tackle dynamical properties. In 
this sense, a number of approaches emerged over the decades under different names, until 
the term kinetic Monte Carlo (KMC) have become universally used in this context. 
Nowadays KMC is a popular tool to describe a variety of phenomena related to e.g., 
transport (diffusion), structures and properties of materials (e.g., crystal growth) or 
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equilibrium and non-equilibrium chemistry (catalysis). As will become apparent 
throughout the text, in the context of atomistic simulations KMC can be considered as a 
form of coarse graining. This renders it particularly suitable to find its place in hierarchical 
multiscale modeling approaches, where information at different levels of accuracy or detail 
is integrated to provide a more comprehensive description. In this context, KMC is an 
essential method to bridge the gap between the microscopic world (elementary processes 
such as atomistic diffusion jumps or the making and breaking of chemical bonds) and the 
mesoto macroscopic world (e.g., a diffusion constant or a reaction rate).” [16] 
KMC mainly simulates the evolution of the system over time rather than simply determine 
than the equilibrium state. KMC's basic idea is to divide the possible configuration of the 
system into states and utilize a state transition probability per unit time between them (these 
transition probabilities can be estimated by molecular simulation or transition state theory). 
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2 SYNCHROTRON-BASED MEASUREMENTS 
 
In order to perform a next generation of synchrotron experiments at the “Coherent Hard X-
ray” (CHX) beamline 11-ID of the National Synchrotron Light Source-II (NSLS-II) at 
Brookhaven National Laboratory, we needed to define requirements for a new heated 
sample holder that would allow in-vacuum sample transfer. We then worked with Glenn 
Thayer of the Physics Department’s Scientific Instrument Facility to make a viable design 
and finally to test the completed manipulator. In addition, we needed to assemble a small 
load lock chamber and transfer arm from existing components that would be compatible 
with the new manipulator.  
 
2.1 Design and Testing of New Sample Manipulator 
Designing the load-lock  
Reference 17 explains that: “A load lock chamber is an auxiliary chamber attached to a 
process chamber usually with a gate valve between the chambers. It has its own high 
vacuum pumping system and venting. A load lock allows samples to be transferred into 
the process chamber without venting the chamber to atmosphere.” [17] It typically contains 
a sample holder that can hold a number of individual samples and a mechanical transfer 
mechanism to move samples to and from the process chamber. A load lock chamber is used 
when a user wants to reduce the cycle time of processing samples and reducing the potential 
for contamination in the process chamber. Samples are loaded into the load lock chamber 
while at atmospheric pressure. The load lock chamber is then pumped down to a high 
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vacuum pressure. The gate valve is then opened between the load lock chamber and the 
process chamber. One or more samples are then mechanically transferred between the 
chambers by means of the linear transfer mechanism. After the samples are processed, they 
are transferred back to the load lock chamber. During this process the process chamber is 
always under vacuum.  
 
Fig. 13 Poke chamber design  
We used the “Poke” UHV chamber for our experiments during CHX beamtime in Nov 
2019. Figure 13 is from a vertical view. This is a rather small chamber. So, there are strong 
space constraints. It’s hard to satisfy all the needs for experiments such as heating. It took 
us a lot of effort to heat up the chamber wall and the sample stage inside the chamber at 
the same time.  
We also need to make sure it’s a clean system during the whole experiment. That’s hard to 
keep if we open the window to take out and put in a sample every time. That’s why we 
designed the loadlock system. 
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Fig. 14 Installed Poke chamber at BNL 
The design of the sample manipulator is shown in Fig. 15. When it’s quietly sitting there 
without any external force, the two spring-loaded red clamps are holding the sample stage. 
When you pull along the yellow tube, the right clamp will let go of the sample stage. We 
can then slowly screw in a transfer arm, and then when the sample stage gets locked with 
the transfer arm, we can take out the sample. We planned to have samples cut as 1×1cm2 
size.  
In addition, we needed to assemble a small load lock chamber and transfer arm from 
existing components that would be compatible with the new manipulator. 
 
Fig. 15 Sample manipulator design 
  
22 
 
  
Fig. 16 Sample manipulator actual picture 
  
Fig. 17 (a) Sample manipulator closing. (b) Sample manipulator opening. 
 
Heat insulation 
Since the whole reactor system needs to be heated up to around 250ºC during the 
experiment to prevent condensation of precursor on the chamber walls, we used heating 
tape to heat the chamber. This is in addition to the heater used to heat the sample itself. In 
order to keep the heat inside the chamber and not damage the precision diffractometer on 
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which it was attached or hurt personnel, we covered the Poke Chamber with a thermal 
insulation blanket.  
To better detect the temperature of the Poke chamber’s outside surface, we put several 
thermocouples under the blanket. They were connected to Eurotherm temperature 
controllers.    
 
Vacuum Testing 
We tested for vacuum several times here at BU. The whole chamber can be pumped down 
to 10-2 Torr in twenty minutes. And then we heated it up to 200ºC in another 20 minutes.  
 
2.2 GISAXS Measurements at NSLS-II at BNL 
In August 2019, experiments were performed at the “Integrated In Situ and Resonant Hard 
X-rays” (ISR) Beamline 4-ID of the National Synchrotron Light Source-II (NSLS-II) of 
Brookhaven National Laboratory.  Prof. Ludwig is a Partner User on the beamline, which 
has a custom surface x-ray diffractometer for real-time x-ray studies of surface processes 
that was developed by our group in collaboration with groups from the University of 
Vermont and Stony Brook University. The experiments were performed in collaboration 
with Drs. Samantha Rosenberg, Jeffrey Woodward and Charles Eddy of the Naval 
Research Laboratory, with Dr. Ken Evans-Lutterodt, the NSLS-II beamline scientist, and 
with Prof. Zachary Robinson of the SUNY College at Brockport.  
Further experiments were conducted in November 2019 at the CHX Beamline 11-ID of the 
NSLS-II.  This was in collaboration with the same group of experimenters, with the 
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addition of beamline scientists Drs. Andrei Fluerasu and Lutz Wiegert.  
 
Description of the experiments: 
ISR Beamline:  
The interior of the experiment hutch of the beamline is shown in Fig. 18. The X-ray beam 
enters from the right and the custom surface diffractometer is in the center. In the photo, 
the UHV growth chamber for our experiments has been rolled onto tracks on top of the 
surface diffractometer. The plasma source on the chamber is the rectangular box in front, 
the transfer arm and load lock chamber enter the primary chamber from the left, and on top 
of the chamber, surrounded by a circular blue lamp, is the viewport for watching sample 
transfers. Experiments used an x-ray beam energy of 10120 eV. Scattered photons were 
detected by an Eiger 1M detector from Dectris Corp. 
Our NRL team members were responsible for the growth process itself.  The plasma-
assisted atomic layer deposition (PA-ALD) growth uses trimethylaluminum (TMA), 
trimethylgallium (TMG) and trimethylindium (TMI) as the precursors for Al, Ga and In 
deposition respectively. A plasma source with N2 input is used for nitridation. GaN wafers 
from Kyocera and Mitsubishi Corps were used for deposition. Before growth, they were 
typically cleaned ex-situ by acetone, isoproponal, DI water, dried with N2, then exposed to 
a UV/ozone plasma to remove oxygen. They were then loaded into the experiment chamber 
and exposed in-situ first to a H2 plasma and then to a N2 plasma, or instead to a Ga flash-
off process during which Ga was deposited on the surface, followed by H2 plasma exposure. 
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After coating the chamber with AlN, a first growth of AlN on an a-plane substrate was 
used as a standard “sanity check” by the NRL researchers to confirm that the system was 
behaving as planned. In XPS measurements performed immediately afterwards, it was 
found that there was a large component of oxygen in the film, suggesting that there was a 
major leak in the system. A He leak detector was brought in and the lead was located and 
fixed. A new “sanity check” AlN growth was performed which subsequent XPS 
measurements showed to be relatively free of oxygen contamination. 
PA-ALD growth cycles typically consisted of TMA or TMI exposure for 60 ms, followed 
by N2 exposure for 43s with the RF plasma source running. A major goal of this beamtime 
was to investigate the growth of “digital alloys” of AlN and InN.  Because of the pulsed 
nature of the PA-ALD growth process, alloys cannot be grown in with a simultaneous 
deposition process. Instead, they must be grown as a set of “n” cycles of one component 
followed by “m” cycles of the second component. 
 
Fig. 18 ISR beamtime 
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Samples that have been grown during the ISR Beamtime were: 
 
BNLALE20190814-1: AlN: 120 cycles at 350°C 
BNLALE20190814-2: InN: 200 cycles at 350°C 
BNLALE20190815-1: AlInN alloy with 17% In: 40 supercycles consisting of Ga and In 
subcycles at 350 °C 
BNLALE20190816-1: AlInN alloy with 50% In: 50 supercycles consisting of Ga and In 
subcycles at 350 °C 
BNLALE20190817-1: AlInN alloy with 83% In: 50 supercycles consisting of Ga and In 
subcycles at 350 °C 
BNLALE190818-1:  AlInN alloy with 60% In: 83 supercycles consisting of Ga and In 
subcycles at 350 °C 
There was then a downtime period when my professor needed to return to Boston. When 
experiments resumed, another sample was grown using a photon energy of 10100 eV: 
BNLALE190826-1: InN: 50 cycles at 350 °C 
 
CHX Beamline:  
These are two pictures of NSLS-II CHX beamline before we put in anything. The X-ray 
beam enters from the right side and, after going through monochromating and focusing, 
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hits the sample sitting on the light green diffractometer in the center. The focused X-ray 
beam is approximately 10 microns in size, so that there is a great need for mechanical 
stability of the sample at high temperature. The scattered X-ray beam enters the long 
vacuum metal exit beam path, with the position sensitive Eiger 4M detector from Dectris, 
Inc. at the end.  
   
Fig. 19 System of NSLS-II CHX beamline 
Assembly 
The CHX beamline has a base diffractometer on top of which the entire UHV deposition 
system with load lock chamber needed to be assembled. There are two pictures after we 
put on the Poke chamber and gas cylinder. 
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Fig. 20 View of the CHX beamtime with growth chamber installed. 
 
Fig. 21 Control panel from CHX beamtime 
 
Significant effort was necessary to align the center of the chamber with the beam, requiring 
a local machinist to make new studs/stand offs, removal of the mica x-ray windows we use 
on the chamber, and careful height measurements.  After beamline alignment, we tested 
the vacuum pressure of the chamber and its behavior when heating the new sample 
manipulator.  
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Finally, we were ready to run experiments. As before, the NRL team members were 
responsible for the growth process itself, with similar substrate cleaning and PA-ALD 
growth cycles.  Since this was the first time trying these experiments at the CHX beamline, 
and considering the growth temperatures, significant problems were anticipated. Initially 
AlN growth was performed, but we ran into problems with mechanical stability because of 
the very small x-ray beam. The temperature of the sample stage was being controlled by a 
temperature controller, and clear oscillations in the x-ray scattering data were observed as 
the controller turned the current through the sample heater up and down. Eventually we 
decided to stop using the temperature controller and simply run with constant voltage on 
the sample heater.  This improved the sample stability and we were finally able to get data 
that looked to be of good quality during our last InN growth before the end of beamtime. 
 
Fig. 22 Figure of a GISAXS pattern from ISR beamtime 
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Fig. 23 Intensity along the Yoneda wing as a function of parallel wavenumber q for InN 
growth from the ISR beamtime at BNL 
 
 
Figure 23 shows the intensity along the line of q parallel on the Yoneda wing. The 
correlated islands that have been forming on the surface caused the peak.  
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3 EX-SITU MEASUREMENTS 
 
3.1 XRD & XRR Measurements 
As for XRD studies, we did mainly 2Theta-Omega scans and rocking curve scans. 
Reference 18 explains that: “A 2Theta-Omega scan is a simultaneous scanning of the 
incidence angle on the beam and the detector arm with slits, defining the diffracted beam. 
During this 2Theta-omega scan, the direction of the diffraction vector remains unaltered 
and perpendicular to the film plane. The simple 2-theta scan has advantages in some thin 
film cases, especially when using polycrystalline films. However, if you have single crystal 
(epitaxial) thin film growth, it's better to use a 2Theta-Omega scan.” [18] 
A rocking Curve (Omega Scan) is a useful way to study the extent to which atomic planes 
are parallel. A perfect crystal will produce a very sharp peak in a rocking curve. Defects 
like mosaicity, dislocations, and curvature create disruptions in the perfect parallelism of 
the atomic planes. 
This part of work has been done in collaboration with Dr. Alexey Nikiforov and the figures 
below were provided by him.  
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Fig. 24 XRD for sample 427 
 
We can see AlN peaks clearly in the 2Theta-Omega scan of sample 427, which confirms 
that there is a crystalline film of AlN in this sample. We need to keep in mind that sample 
427 has the thickest film in these three AlN sample.  
Although the film is of very high quality, we can barely see the AlN peak in the rocking 
curve because its signal is very weak.  
 
Fig. 25 XRD for sample 428 
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Sample 428 has an even thinner film. We can’t see the AlN peak in either one of the 
scans.  
 
Fig. 26 XRD for sample 429 
Sample 429 is the thinnest sample of all three.  
 
Fig. 27 XRR for sample 429 
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Although we did reflectivity measurements using the D8 diffractometer at BU, high quality 
data was available from reflectivity measurements made at CHESS by our NRL colleagues. 
Figure 27 shows a fit for the reflectivity from sample 429 from the Cornell synchrotron. 
The fitting was performed using the program “REFLEX.” [19] 
The fit value of the film thickness is 34.5 nm. The fit surface roughness of the thin film is 
1.58 nm and the interface roughness with the GaN substrate is 0.27 nm. The fit electron 
density of the Al(O)N film is 0.594 x 1024 electrons/cc, and the fit electron density of the 
GaN substrate is 1.32 x 1024 electrons/cc.  
These can be compared to the expected electron densities of 0.958 x 1024 electrons/cc for 
AlN and 1.68 x 1024 electrons/cc for GaN. We note that the fit density for the “AlN” film 
is almost 40% below the expected value. This is presumably due to the additional presence 
of oxygen due to a leak in the gas manifold during growth.  
 
3.2 SEM 
For scanning electron microscope (SEM), two types of signal are typically detected: the 
backscattered electrons (BSE) and the secondary electrons (SE). Reference 20 explains that 
“Secondary electrons originate from the atoms of the sample: they are a result of inelastic 
interactions between the electron beam and the sample. Backscattered electrons are 
reflected back after elastic interactions between the beam and the sample.” [20] BSE come 
from deeper regions of the sample, while SE originate from surface regions. Therefore, 
BSE and SE carry different types of information.  
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BSE images show high sensitivity to differences in atomic number/composition, the higher 
the atomic number, the brighter the material appears in the image. SE imaging can provide 
more detailed surface information. 
This work was done in collaboration with Dr. Alexey Nikiforov and the figures below are 
provided by him. 
 
Fig. 28 SEM for sample 427 
 
 
This is a plane view for sample 427. It shows the morphology of the top surface. We used 
a high magnification.  
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Fig. 29 SEM for sample 427 
 
Fig. 30 SEM for sample 428 
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Fig. 31 SEM for sample 428 
 
 
Fig. 32 SEM for sample 429 
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Fig. 33 SEM for sample 429 
 
 
 
Fig. 34 SEM cross section for sample 429 
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Fig. 35 SEM cross section for sample 429 
 
Fig. 36 SEM cross section for sample 429 
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3.3 EDS in SEM from Bulk 
Reference 21 explains that “Energy Dispersive Spectroscopy (EDS) is a method for 
analyzing the chemical composition of most inorganic and inorganic solids. When the 
sample in the SEM is hit with high energy electrons, x-rays are produced from the sample. 
Some of these x-rays are known as "characteristic x-rays" because their energies are 
specific to the difference in energies between electron shells in the atom. An EDS detector 
can efficiently collect these x-rays and provide a quantitative or semi-quantitative 
measurement of the sample's composition. For most elements, it can be detected level down 
to 0.1 wt%. EDS is a great screening tool for quality control, alloy identification, foreign 
object identification and for determining species present in corrosion products. It is used 
in many industries including biomedical, pharmaceuticals, chemical engineering, materials 
science, biological/life science, geology and forensics.” [21] 
 
Fig. 37 EDS illustration from Ref. 21. [21] 
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We did EDS in the SEM machine at BU. Average from several part of sample CUALE 
20180429-1, there are around 12%of Al, 16%of O, 30% of N, 42% of Ga. Clearly these 
numbers include substantial contribution from the GaN substrate, not just the film.  
 
3.4 Sample Preparation for TEM 
After all the properties have been collected on the samples, now we could start working on 
TEM sample preparation.  
Here we use sample CUALE20180429-1(250oC, AlN/GaN). First of all, we need to cut the 
sample into three pieces. One for an extra piece and the other two were stuck together face 
to face (AlN layer close to AlN layer). 
We used the Techcut 4 machine to cut the sample.  
 
Fig. 38 Techcut 4 
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In order to stick two pieces of sample together, we used a hot plate to melt wax. Then we 
made a sandwich by adding two pieces of silicon at both sides. Silicon is being used here 
to protect samples during polishing, which is very necessary. Sticking two pieces of 
samples together is to produce an easy cross-section. And the interface in the very middle 
is what we want to look at.  
 
Fig. 39 Silicon-sample-sample-silicon 
Then we did all the cleaning procedure. We rinsed the sample with the following chemicals 
in sequence: DI water, Acetone, Isopropanol, Methanol and Ethanol. Also, we used the 
ultrasound to deeply clean the sample for around five minutes.  
Again, we used Techcut 4 to cut the “sandwich” into 4 even small pieces. And we took the 
middle two to start polishing.  
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Fig. 40 Before polishing 
As for polishing, we used all sizes of diamond thin film to grind the sample. After 
calibration, we put the diamond thin film on the disc that has a lot of water. Then we let 
the water surface tension hold the film. We started rotating the disc clockwise, left the 
water running, and then slowly put down the sample holder. By consistently picking up the 
debris on the film, we can make sure the polishing process goes well.  
The sizes of the diamond thin films were: 45µm, 30µm, 15µm, 9µm, 6µm, 3µm, 1µm, 
0.5µm, 0.1µm.   
We would examine the sample and check the thickness under optical microscope every 
time we changed a diamond thin film. And after one whole set of polishing, we would go 
through the cleaning process again. And then redo the polishing again until the thickness 
goes down to 50µm.  
At the final stage of polishing, we tilted the sample holder so that the sample would be cut 
into a wedge. We hope that the thinnest part could go down to 10µm while the thickest part 
is around 50µm.  
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Fig. 41 Polishing  
 
 
Fig. 42 After first round of polishing   
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Fig. 43 Samples mounting on the plates 
 
 
Fig. 44 Cross section view of a polished sample under optical microscope 
 
Ion milling 
Reference 22 explains that: “Ion Milling is a physical etching technique whereby 
the ions of an inert gas (typically Ar) are accelerated from a wide beam ion source into the 
surface of a substrate (or coated substrate) in vacuum in order to remove material to some 
desired depth or underlayer.” [22] When the sample gets thinner and thinner, we can’t 
continue use rough polishing anymore. When it’s under 50µm, we started to use ion milling 
to make it thinner. 
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Fig. 45 Ion milling  
  
(a)   (b) 
Fig. 46 (a) Before Ion milling. (b) After Ion milling.  
 
 
3.5 TEM Results 
Since the time is limited, we only did TEM on sample CAUALE20180429-1. This work 
was done in collaboration with Dr. Alexey Nikiforov and the figures below are provided 
by him. 
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Fig. 47 TEM for sample 429 
 
 
Fig. 48 TEM for sample 429 
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Fig. 49 TEM for sample 429 
 
Fig. 50 TEM for sample 429 
 
The left image is a bright field and the right one is a dark field. Since we broke the sample 
during Ion milling, part of the sample has been exposed. That's why there is vacuum in 
these pictures. 
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In the left imagine, there are two brighter lines at the edge of the thin film, that could be 
related to oxidation as we mentioned before, the oxygen leak. 
The dark field means the sample scattered the electron, and it's sensitive to Z the atomic 
number. The film is much brighter in this imagine, shows that it is very different from the 
GaN substrate. There are differences in electron density. And the atomic number for 
brighter part should be lower than the darker region. 
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4 KMC SIMULATIONS 
4.1 What is Kinetic Monte Carlo Simulation? 
Reference 23 explains that “Monte Carlo refers to a broad class of algorithms that solve 
problems through the use of random numbers. Our focus is on simulating the dynamical 
evolution of systems of atoms. The premiere tool in atomistic simulation methods is 
molecular dynamics (MD), in which one propagates the classical equations of motion 
forward in time. This requires first choosing an interatomic potential for the atoms and a 
set of boundary conditions. For example, for a cascade simulation, the system might consist 
of a few thousand or million atoms in a periodic box and a high velocity for one atom at 
time zero. Integrating the classical equations of motion forward in time, the behavior of the 
system emerges naturally, requiring no intuition or further input from the user. 
Complicated and surprising events may occur, but this is the correct dynamical evolution 
of the system for this potential and these boundary conditions. If the potential gives an 
accurate description of the atomic forces for the material being modeled, and assuming 
both that quantum dynamical effects are not important (which they can be, but typically 
only for light elements such as hydrogen at temperatures below T=300K) and that electron-
phonon coupling (non- Born-Oppenheimer) effects are negligible (which they will be 
unless atoms are moving extremely fast), then the dynamical evolution will be a very 
accurate representation of the real physical system. This appealingly explains the 
popularity of the MD method.  
A serious limitation, however, is that accurate integration requires time steps short enough 
(∼ 10-15s) to resolve the atomic vibrations. Consequently, the total simulation time is 
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typically limited to less than one microsecond, while processes we wish to study (e.g., 
diffusion and annihilation of defects after a cascade event) often take place on much longer 
time scales. This is the “time-scale problem.”  
Kinetic Monte Carlo attempts to overcome this limitation by exploiting the fact that the 
long-time dynamics of this kind of system typically consists of diffusive jumps from state 
to state. Rather than following the trajectory through every vibrational period, these state-
to-state transitions are treated directly, as we explain in the following sections. The result 
is that KMC can reach vastly longer time scales, typically seconds and often well beyond.” 
[23] An appealing property of KMC is that, it can give the exact dynamic evolution of a 
system, in principle. 
 
4.2 Simulation details 
The code used, which was written by Prof.Ludwig in Fortran, utilizes a square lattice of 
atomic surface sites. The processes included in the simulation are:1) a constant rate of 
random deposition at surface sites and 2) diffusion of atoms from one site to a neighboring 
site. The diffusion model used is that atoms jump to a neighboring site at a rate 𝛤exp	(− +,-./). Here 𝛤 is viewed as a vibration, or attempt, frequency. The total activation 
energy EA for diffusion depends on the local environment. The energy of having an atom 
at a given lattice site is calculated by adding up bond energies between the atom and its 
neighbors. The possibility of different energies for adatom-substrate and adatom- adatom 
bonds is included. The total activation energy EA for a given potential jump from site i to 
site j is then calculated as EA = (Ei – Ej) + E0, where E0 is a base diffusion barrier energy 
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taken to be independent of local atomic configuration.  In addition, there is the possibility 
of adding a step-edge diffusion barrier energy if the given jump changes the height of the 
atom.    
Typical evolution of the deposition process with time is shown in Fig. 51 and 52 for 
different sets of parameters. We can see the development of correlated islands. 
   
Fig. 51 Deposition of 5 monolayers, (a) 1 layer (b) 2 layers 
  
Fig. 51 Deposition of 5 monolayers, (c) 3 layers (d) 4 layers 
 
Fig. 51 Deposition of 5 monolayers, (e) 5 layers 
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Fig. 52 layer10 & layer18, Test 024(lattice size 128*128, atomic density 32, …)  
Input parameters for Test 024: 
         Random number seeds 83 
         Deposition rate 0.18nm/s 
         Deposition Temperature 521K 
         Jump attempt frequency 0.02GHz 
         Activation energy for diffusion 0.6eV 
         Energy of Substrate-Adatom bond 2.0eV 
         Energy of Adatom-Adatom bond 2.0eV 
         Additional step-edge barrier energy 0eV 
         … 
In order to learn more and better compare with experiments, we use the simulations to 
calculate the predicted intensity observed in a GISAXS experiment. This is approximately 
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the height-height structure factor of the surface, which is the square of the Fourier 
Transform of the surface height. The structure factor for one run is shown in Fig. 53. This 
qualitatively matches the GISAXS experiments for InN growth on top of a GaN substrate 
(Fig. 54).  
 
Fig. 53 Test 024 
 
Fig. 54 Temporal evolution of GISAXS intensity of InN/a-sapphire at 248oC from Ref. 24. 
[24] 
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Let’s compare Fig. 52 to the right side of Fig. 53. We can see that there are similar patterns. 
The peaks are basically at the same location and moving toward the same direction as layers 
gets thicker.  
However, more detailed comparisons, especially as temperature rises, shows that we can’t 
have the peak move accurately in the simulations along the way that we’re expecting.  
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5 CONCLUSION 
This thesis has studied a range of surface properties for the AlN and InN thin film ALE 
growth process. For the real-time synchrotron studies, we see that the ALD process is much 
more complicated than what has been shown during the atomically smooth growth 
portrayed in the cartoon of Fig. 2. 
In addition, this work provides the first analysis with TEM for the AlN samples grown at 
the synchrotron. We have seen a number of intriguing features which will need to be 
correlated with future growth processes and X-ray results.  
We have found that Kinetic Monte Carlo Simulation can basically match some features of 
the X-ray scattering experiment results. While it matches some features of the growth, it 
doesn't match others, so more work is needed. 
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